The arpA gene encoding Arp1 (actin-related protein) was previously cloned and characterized from Aspergillus oryzae. Phenotypes of the arpA null mutant indicate its requirement for normal nuclear distribution and morphology of conidiophores. In this study, we further characterized the function of the arpA gene in distribution of organelles. For further analysis of nuclear migration in living cells, an expression system consisting of a fusion protein of Aspergillus nidulans histone H2B and EGFP (H2B: :EGFP) was used. This demonstrated diminished hyphal-tip growth rate and inefficient nuclear transport to apical regions in the arpA null mutant. Expression of H2B: :EGFP also revealed an increase in the nuclear number of each conidium in the arpA null mutant, implicating a role for the arpA gene in controlling the nuclear movement into conidia. Furthermore, staining of vacuoles of the arpA null mutant with CMAC (cell tracker blue) suggested that the arpA gene is required for proper vacuolar distribution in addition to its role in normal nuclear distribution. ß
Introduction
Cytoplasmic dynein is a minus-end-directed, microtubule-dependent motor protein complex. This complex functions in a number of intracellular transport processes, including retrograde transport of vesicles in axons, the endocytosis pathway, the organization of Golgi apparatus and mitotic movements [1, 2] . Cytoplasmic dynein consists of two heavy chains, three intermediate chains, four light intermediate chains and light chains [3] . Dynactin complex has been proposed to link dynein with membranous cargo and to activate the dynein motor [4] . Arp1 (actin-related protein) is the major structural protein of dynactin complex and exists as a 37-nm actin-like ¢lament consisting of 8^10 monomers [5] .
Genetic studies in ¢lamentous fungi including Neurospora crassa, Aspergillus nidulans and Nectria haematococca strongly supported the evidence that cytoplasmic dynein is implicated in nuclear migration [6, 7] . Cytoplasmic dynein is also required for retrograde transport in N. crassa [8] and for Spitzenko « rper stability, microtubule organization and spindle pole body motility [9, 10] . Several genes involved in nuclear migration encode subunits of dynactin complex such as Arp1 (RO4 of N. crassa and NudK of A. nidulans) [11^13] . Mutations in Arp1 abolish localization of cytoplasmic dynein at the hyphal tip, suggesting a targeting role for dynactin complex [14, 15] . A biochemical study in N. crassa proposed that dynein ATPase is regulated by dynactin-dependent phosphorylation of dynein light chain [16] . However, little attention has been given to the participation of dynactin complex in distribution of organelles.
Aspergillus oryzae has been used in the manufacture of sake, soy sauce and miso as well as the production of commercial enzymes. Recently, molecular genetic approaches have facilitated the studies on the mechanism of its cellular organization. We have cloned and characterized the arpA gene encoding Arp1 from A. oryzae [17] . The arpA null mutant exhibited poor growth, hyperbranched mycelia and defects in normal nuclear distribution and morphology of conidiophores. The role of the arpA gene in distribution and/or dynamics of organelles including nuclei and vacuoles has been poorly understood. We have also exploited the expression system of A. nidulans histone H2B fused with EGFP (H2B: :EGFP), fol-lowed nuclear dynamics and revealed the formation of multinucleate conidia in A. oryzae [18] . In this paper we express H2B: :EGFP and assess the nuclear dynamics and distribution of vacuoles in the arpA null mutant for a better understanding of the arpA gene functions.
Materials and methods

Strains and media
The strain expressing H2B: :EGFP derived from niaD300 [18] and the wild-type strain, RIB40, were used as control strains of A. oryzae. Escherichia coli DH5K was used for DNA manipulation. Czapek^Dox medium [18] was used as a selective medium for transformation of A. oryzae. DPY medium [17] was used for growth and visualization of vacuoles.
Transformation experiment
The transformations of E. coli and A. oryzae were done by the method of Hanahan [19] and Gomi et al. [20] , respectively.
Light and £uorescence microscopy
Light and £uorescence microscopy was performed using an Olympus AX80 microscope with UPlanApo 40U or 100U-objective lenses (Olympus, Tokyo, Japan). Fluorescence of EGFP was seen with U-MWIBA/GFP blue excitation cube.
Time-lapse observation was performed using an Olympus BX52 microscope with UPlanApo 20U-objective lens. Hyphae were grown on CD slide culture at room temperature and observed. The positions of tips and the nuclei closest to tips in growing hyphae were analyzed with SenSys-1401E cooled CCD camera and MetaMorph software (version 3.5) (Roper Scienti¢c) and represented as (x1, y1) and (x2, y2). The change of the position (vL) was calculated according to formula vL 2 = (x23x1) 2 + (y23y1) 2 . The pixel length was converted to microns. Vacuoles were visualized with 10 WM CMAC (cell tracker blue) (Molecular Probes, USA) added to the medium and seen with BH-DMU ultraviolet excitation cube.
Results and discussion
Expression of H2B: :EGFP in the arpA null mutant
We have reported that disruption of the arpA gene caused a defect in normal nuclear distribution. Although visualization of nuclei in A. nidulans has been performed by green £uorescent protein (GFP)-fused proteins for investigation of nuclear dynamics [21, 22] , no studies expressing GFP in nuclei have been done for e¡ects on dynamics and migration of nuclei under dynein or dynactin de¢cien-cies in ¢lamentous fungi. We previously developed the expression cassette of A. nidulans histone H2B protein tagged by EGFP (H2B : :EGFP) and successfully visualized nuclei in A. oryzae [18] . Therefore, we applied the expression system of H2B : :EGFP for further analyses of A. oryzae arpA null mutant (DPCR5). The arpA null mutant was constructed by integrating the A. nidulans sC marker gene into the arpA locus of A. oryzae NS4 (niaD 3 , sC 3 ) [17] . Hence, pNH2BG [18] containing h2b-egfp and A. oryzae niaD marker gene was introduced into DPCR5 (niaD 3 ) as described when niaD300 (niaD 3 ) was used as a host [18] . DPCR5 expressing H2B: :EGFP maintained a slow growth and hyper-branching hyphae as reported by Hirozumi et al. [17] . When DPCR5 expressing H2B : :EGFP was examined with £uorescence microscopy, it displayed an aberrant distribution of nuclei (Fig. 1A) . In contrast, the wild-type strain expressing H2B : :EGFP derived from niaD300 (niaD 3 ) showed an even distribution of nuclei (Fig. 1A) . The gene encoding cytoplasmic dynein heavy chain (dhcA) of A. oryzae has been cloned and characterized (manuscript in preparation). DAPI staining and expression of H2B : :EGFP revealed that the dhcA null mutant displayed defect in nuclear distribution. These results indicate that expression of H2B: :EGFP is e¡ective for studies on nuclear migration in fungi.
Moreover, time-lapse microscopic analysis enabled us to track hyphal-tip growth and nuclear transport in living cells. In the wild-type strain expressing H2B : :EGFP, hyphal-tip growth accompanied with nuclear transport to apical regions was frequently observed. The growth rate (0.36 þ 0.26 Wm min 31 (n = 7)) was equivalent to the velocity of the nucleus closest to the tip (0.43 þ 0.31 Wm min 31 (n = 8)). In vigorously growing hyphae, a lot of teardropshaped nuclei formed clusters at their apical regions and caused long hyphal extension (Fig. 1B) . They moved at irregular speeds forward or backward and ¢nally toward the tips. In DPCR5 expressing H2B : :EGFP, such a nuclear movement was hardly detected due to the remarkable slow growth rate (0.07 þ 0.04 Wm min 31 (n = 5)). The velocity of the nucleus closest to the tip in growing hyphae of DPCR5 expressing H2B: :EGFP (0.06 þ 0.09 Wm min 31 (n = 5)) was also signi¢cantly reduced to the same extent of its growth rate. Even in growing hyphae of DPCR5 expressing H2B: :EGFP, less numbers of spherical nuclei were seen at apical regions and did not exhibit such dynamic movements toward the tips as observed in the wildtype strain, probably resulting in inability to extend the tips as long as the wild-type strain (Fig. 1B) . We concluded that disruption of the arpA gene abolished the e¤-cient nuclear transport to apical regions as well as normal hyphal-tip growth. This study was the ¢rst to observe the transport of GFP-labeled nuclei accompanied by hyphaltip growth in dynein or dynactin mutants of ¢lamentous fungi. The £uorescence of H2B: :EGFP was visible throughout the cell cycle, allowing us to follow the dynamics of nuclear division such as chromatin condensation and segregation of sister chromatids [18] . The dynein-de¢cient mutant in N. haematococca exhibited an absence of mitotic aster and a limited post-mitotic nuclear migration [9] . Therefore, the expression system of H2B : :EGFP would further contribute in investigating the roles of the arpA and dhcA genes in mitosis and nuclear migration. :EGFP-expressing strains derived from niaD300 (wild-type) and DPCR5 (varpA) were inoculated on CD medium and grown at 30³C. EGFP-visualized nuclei were observed with £uorescence microscopy. Note that nuclei were clustered in some distal areas of DPCR5 expressing H2B: :EGFP. Bar: 20 Wm. B: Time-lapse observation of growing hyphae of H2B: :EGFP-expressing strains. Hyphae of H2B: :EGFP-expressing strains derived from niaD300 (wild-type) and DPCR5 (varpA) were grown on CD slide culture at room temperature and observed by time-lapse microscopy. EGFP £uorescence images were overlaid to DIC views using Adobe PHOTO-SHOP. Note that the wild-type strain expressing H2B: :EGFP had more nuclei at its apical region than the varpA strain expressing H2B: :EGFP. Scale bars: 10 Wm
The number of nuclei in each conidium of the arpA null mutant
Disruption of the arpA gene leads to formation of abnormal conidiophores [17] . Thus, we observed conidia of DPCR5 expressing H2B : :EGFP with £uorescence microscopy and examined the in£uence of disruption of the arpA gene on conidiation. Mainly, two to ¢ve nuclei were found in each conidium ( Fig. 2A) and some conidia had an oval morphology ( Fig. 2A, right) . The expression system of H2B : :EGFP can represent the number of nuclei in conidia [18] . Its distribution of the nuclear number in each conidium (Fig. 2B) revealed that approximately 50% conidia contained more than three nuclei, indicating an increased number of nuclei compared with conidia formed by the wild-type strain expressing H2B : :EGFP, containing mainly one to three nuclei (Fig. 2B) [18] . The size of the conidia of the DPCR5 expressing H2B: :EGFP was 4^8 Wm, which was bigger than the wild-type strain (4^6 Wm) [18] . Larger conidia had more nuclei ( Fig. 2A) than those observed in the wild-type strain [18] . These data suggested a correlation between the increase in size and the nuclear number of conidia in the arpA null mutant. Formation of multinucleate conidia in A. oryzae is considered to attenuate the e¡ects of mutagenesis, resulting in problems of classical genetic analysis and industrial strain breeding.
Therefore, the observed increase in the number of nuclei is an intriguing phenomenon and prompts us to elucidate the mechanism of multinucleate conidia formation using the expression system of H2B : :EGFP.
Distribution of vacuoles in the arpA null mutant
Cytoplasmic dynein is implicated in the distal distribution of vacuoles and retrograde transport in ¢lamentous fungi [8] . However, the implication of fungal Arp1 in the distribution of vacuoles is not yet clear. To analyze the distribution of vacuoles in the arpA null mutant, we visualized vacuoles with CMAC staining and observed them with £uorescence microscopy. While the wild-type (RIB40) hyphae were vacuolated mainly in the distal regions of mycelia, most DPCR5 cells accumulated many small vacuole-like structures near the tips (Fig. 3) . Seiler et al. demonstrated that the cytoplasmic dynein mutant of N. crassa accumulated vacuoles at its tips and showed a reduced retrograde transport [8] . They suggested that dynein de¢-ciency would cause a blockade in retrograde transport of precursors targeted to vacuoles, resulting in their fusions at hyphal tips. The similar result in the arpA null mutant suggested that fungal Arp1 would also participate in the proper distribution of vacuoles in distal regions by dyneinmediated retrograde transport. We are attempting to express vacuolar enzymes fused with the EGFP protein in Fig. 2 . Expression of H2B: :EGFP in conidia of the arpA null mutant. A: Conidia of DPCR5 (varpA) expressing H2B: :EGFP were collected from the CD medium and observed with £uorescence microscopy. Note that conidia of DPCR5 expressing H2B: :EGFP have two to ¢ve nuclei and that larger conidia have more nuclei. Scale bar: 10 Wm. (B) Graph of the number of nuclei in each conidium of niaD300 (wild-type) and DPCR5 (varpA) expressing H2B: :EGFP. Conidia of both strains were collected from the CD medium and observed with £uorescence microscopy. 100 conidia were scored for the number of EGFP £uorescence. A. oryzae, which is expected to contribute to investigate the mechanism of vacuolar localization.
In this study, we found that the arpA gene is involved in proper localization of both nuclei and vacuoles, and supported the evidence that fungal Arp1 functions not only in nuclear migration but also in the transport of other organelles and vesicles in concert with cytoplasmic dynein. While Arp1 has been proposed to play a major role in linking dynein with membranous cargo [23] , there are no reports on mechanism for the capture of organelles and vesicles in ¢lamentous fungi. Comparative analysis between cytoplasmic dynein and dynactin complex and/or molecular interaction of Arp1 would be useful to elucidate how the dynactin complex assists dynein in transport of vesicles and other cellular organelles.
